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I. INTEODUCTION

This ren2awal application is intended t5 sustain and augment the
capabilities of the mass spectrometry (MS) program which has
served as a mrajor institutional resource at Stanford for some
years., With previous support from NASA and NSF it has made
pry>ssible a highly irterdisciplinary set of research projects
rangirng ovar: artificial intelligesnce (ATI) in biomolecular
shiracterization, natural product chemistry, clinical biochemical
stndies on steroids, and the mpa2chanisms of molecular fragment
Formation in mass spectrometry. While the facility equipment for
mass spectrometry has heen funied mostly by other agencies,
connected research programs embrace several NIY research projects
iz wa2ll. Tn addition, this activity was closely coupled with the
ACME M21ical School computer resource (1966-1973) and will have
similar associations with the new AIM-SUMEX computer resource
re=~2ntly finded by the BRRB (see Section T1.7).

Previous support reflects the diversified facets of this
irterdiscinplinary research. ©NASA has supported projects in new
iastruneatation, including the initial mass spectrometer-computer
link, NSF has supported chemical ressearch, and ARPA has supported
sur artifizial intelligence research and initial application to
mass spectrometry. Overall cuthacks have forced NASA to reduce
fFuading for this area of research despite their interest. Under
ARPA support to Drs. Feigerbaum and Lederberg for AI research, the
DENDRAL program became recognized as one of the most successful AI
applications programs. However, ARPA is chartered to fund
frontisr zomputer science research and no longer provides funds
for ths DENDRAL applications programs. ARPA has indicated a
relnzctance to continue funding to this groun for the theory
formation work in chemistry, although we expect to continue to
receiva ARPA support for more theoretical aspects of our research
srsaram (e.9., automatic programming).

We previously submitted a comprehensive proposal to the NIH
{(RR-00785, 3/28/73) which included an application for the
ATY-SUMEX computing resource and a renawal of the existing DENDRAL
jrant {RR-00612). This proposal was approved for 5 years by the
National Advisory Research Resources Council. Certain
reservations were, however, communicata2d to us: they concerned
aspecially what we must agree was an anbitious effort to close the
saptrol loop for "intelligent automation” whose costs overreached
the immediate u*tility of the expected result., During subseguent
Jiscussions with the Biotechnology Resources Branch, taking into
acconrt the council review ard a number of diverse policy issues,
we ajreed administratively to segment the two components of the
sriginal proposal. The ATM-SUMEX portion of the original proposal
{excluding DENDRAL) was recently fanded for 5 years as a national
resource far artificial intelligence in medicine. The present
propnsal for resource-related research in biomolecular
characterization and artificial intelligence is an elaboration of
th= DENDRAL portion incorporating intensive reexamination and
ravision of the previous proposal.

¥ith the differeantiation of priorities represented by AIM-SUMEX,



tha 5S2netizs Research Center (32C), and continuing work on
artificial intelligernce under Dr. Feigenbaum's leadership, the
sraseat renewal application places more emphasis than heretofore
>n r=2al-world oriented applications. Corr=sspondingly, we have
agreel that it is now more appropriate that Dr. Djerassi should be
Aesignated as Principal Investigator in this phase of our work.

1s outlined in section B.2, the interests and responsibilities of
drofassors Dijerassi {Chemistry), Feigenbaum (Computer Science) and
re2derberg {Genetics) have been closely interdigitated. With their
farther connections with many colleagques, these programs enjoy a
high Aeqre= of university-wide participation. For exanmple, the
sanatics Department is also closely affiliated with Biology,
Bischemis*ry, Pediatrics, Psychiatry and Medicine through joint
ippointmants or joint research proijects or both. This breadth
would he difficult to obtain except at a few institutions where
ths medizal school is both academically and geographically
inteqratad with the university to the degree that characterizes
the Stanford University environment.

GLOSSARY OF ABBREVIATIONS

ACMF - aAdvanced Computer for Medical Research {Nih-funded computer
resource, 1968-1973)
AT - artificial intelligence

ATM-STMEY- A comprehensive computer resource intended to serve
the natinnal requirement for artificial intelligence
in medicine. This will be implemented at the Stanford
Univarsity facility called AIM-SUMEX

ARDA - Advanced Research Proijects Agency of the Department of
Defense.

3r3 - Biota2chmnology Resources Branch

13ZMR - carhon-11 magretic resonance

5C - gas chromatography or gas chromatoqgraph

3RC - Gepetics Research Center (Stanford, J. Lederbergq,

Principal Investigator; NIGMS-approved and
awaiting funding. Grant #P01-GM 20832-01)

HR¥S - high resolution mass spectrometry

TR - infra-red

IRL - Tnstrumentation Research Laboratory
{Stanford Genetics Department)

LRvs -~ low resolution mass spectrometry

vCh - magnetic circular dichroism

M3 - Mass spectrome*ry or mass spectroneter

VASA - Yational Aeronautics & Space Administration

NMD - nuclear magnetic resonance

NSFP - ¥ational Science Foundation

JRD - optizal rotatory dispersion

PL/ACMF - a modified version of the PL-1 computer language (for the
Stanford ACME computer facility)

apgvay - stanford University Medical Experimental Computer Resource
(NIH funied computer resosurce, 1973-1978)

TV - ultra-violet
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4. OBJECTIVES:

Core Re2search.
The funds now applied for would permit

1y the continued funding of the MS laboratory as a biomolecular
chara-*erization resource;

7}y advancament of laboratory instrumentation capability in
spacific areas of GC-HRMS and the exploitation of metastable peak
1ralysis.

1) tha further development of AI computer techniques to match the
instrunentation. This work will emphasize practical utilization
for applicitions in biomolecular characterization connected with
nther on-going bhiomedical research programs. It will include, for
axaapla, a) the analysis of mixtures by GC/MS; b) metastable peak
analysis for difficult problems of pure compounds and of mixtures
not realily separabhle by GC; c) nptimized data analysis for
characterization of 4S5 peaks and d) heuristic analysis of spectra
f>r th> molecular ion composition.

7ur proij2ct is the only systematic effort, to our knowledge,
currently undervway in this country for computer assisted structure
alicidation. Subseguent to our early publications, an intensive
proaram has been mounted in Japan in similar areas. This
situatior may be contrasted with computer assisted orgarnic
synthasis, an area receiving considerable attention from several
research groups. These capabilities can be beneficially provided
to a wider community via the ATM-SUMEX resource. Besearch on the
amulation of human intellect by computer programs will undoubtedly
influznce the efficiency with which chemical research can be
ipplied to5 ever more conmplex problems of health, e.qg.,
intermediarv metabolism and its pathologies; environmental
influsnz2s on health; the development and critical validation of
new therapesutic agents.

The a1chiszvament of thesz objectives depends on the continued
naintenarce anrd development of the DENDRAL AT programming system
{s2e baldow). The advent of tha ATM-SUMEX facility will remove
some nof the serious computational limits on the exercise of this
system that have delayed recent progress.

riucation.

In our nuniversity setting, pre-doctoral and post-doctoral
adncation of course constitutes a part of our mission. As far as
is practically possible, research participation in the DENDRAL
program has been couplel with 3dissertation work by graduate
stud=ants and post-doctoral research experience respectively.
Examplas of people (ard their research area) vwhose education has
been enhanz2d in this way are the following:

3radnate Students: J. Simek, pedagogical aspects of the straucture
qenerator:; Wai Lee Tan, synthesis of new estrogen compounds; H.
rqqert, 13°MR of amines and st=2roidal ketones; C. Van Antwerp,
13CYR of steroidal alcohols; C. Farrell, theory formation from
rass spectral data: L. Masginter, development of the structure
yenarator; M. Stefik, AT applications to chemistry.

37



Pastdnctoral Fellows: G. Dromey, theory formation from analytical
iata: R. Gritter, mass spectral fragmentation of hiologically
active steroids; RB. Carhart, analysis of 13CMR spectra by
DENDRAL-like programs; S. Harmerum, development of better
fragmentation rules for progesterones.

Formil organization.

"his project has besern a long-term commitment of Dijerassi,
Lederberg and Feigenbaum functioning in effect as
~o-investigators. We coordinate our activities with day-to-day
zontacts ia the pursuit of convergent research objectives. 1In the
l1ight of +the extension of our zollaborativa activity during the
last tao y=2ars, we are now organizing a formal advisory group to
iaclude, in addition to ourselves, H, Cann, J. Barchas, and E. Van
Tamelen., This group will advise the principal investigators on
the 1irection of the program with respect to allocating available
facilities and seeking out and helping other collaborators. This
Jesignation simply recoqgnizes the fact that many of our colleaques
have alrsaly be2n engaged in r2lavant collahorative research with
1s. A ™S resource has recently been funded at the University of
Zalifornia/Berkeley, under the direction of Dr. A.L. Burlingame.
Drs. Dierassi and Burlingame have recertly engaged in some
=~ollahorative research which was made more siuccessful by the
sharing of facilities ard expertise available at one institution
kut not at the other. We would hope to maintain and strengthen
thes2 contacts to avoid unnecessary duplication of effort.

¥a plan t» discuss with Dr. A.L. Burlingame the most appropriate
praycedures for coordinating the related activities of our
respective programs at the University of California/Berkeley and
hara, This may take the form of r=aciprocal membership in advisory
committees.

Tha "hardware resource" to which this application is pegged has
n32n identified as the MS facility. While these instruments alone
represent an investment of over $%300,000, funded previously by
sevaral agancies, thkey do not represant th2 most iasportant resource.
#e would use this designation instead for the working team led by
the princioal and co-investigators. The skills embraced by this
7rouap inclile, as mentioned, computer science, structural organic
~hemistrv, molecular biology, instrumentation engineering and a
wide range of other disciplines. They are represented not only in
ths princinal professors but in a diversified and accomplished
prafessional research staff (sze Budget Justification). The
proqram for which funds are now reguested is the vital means by
which the interests of this group can be sustained in a
zosriinated effort that would be very costly both in funds and in
tine if it had to be reconstructed from scratch., #®Without the
finanzial support now requested, this line of collaborative
rasearch will have to be abandoned, with it a unique style of
interdisciplirary collahoration, and the MS facility will be
terminated.
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n, BATKGROUND AND RATIONALE
1. The Struactuare ERlucidation Problenm

a) The General Problem. Anralysis of molecular
structure is a major activity in our program of resource related
research. Por the specific task of elucidating molecular
structures, i.e., the topolngy of atom-to-atom connectivities,
analysts utilize a mixture of information derived from chemical
procelures and spectroscopic techniques. Each item of
information, if not rednndant >r uninterpretable, contributes to
the solution of the problem. Chemists draw upon a tremendous body
7f spacific knowledqge about the task area (e.qg., clinical
chemistry, biochemistry), molecular structure, spectroscopic
technigques, etc., in order to piece together this information and
infer the structure of molecules. These features, and the
ralative simplicity of the final concept of a structure, make the
prohlem particularly well-suitad for applications of the
tochnigyues of AT to assist research workers performing the task.

h) NDierassi's Laboratory. Professor Dijerassi has been concerned
with structure slucidation problems since the beginning of his
chamical rasearch. His activities at Stanford have been concerned
heiavily with the application of particular spectroscopic
tachniques to structural studiess of bismedically important
=anpourds. These technigues include optical rotatory dispersion
{NRD) and, more recently, magnetic circular dichroism (MCD) (both
>f them supportad iritially by the NIH). Since 1961 he and his
Jroup have also been concerned with MS because of the power of the
tachnique, in terms of specificity and sensitivity, as an
analytical tool for structure elucidation. Four books and
approximately 250 articles on %S have been puhlished by him and
7is znlleajues.

Tha technigque of MS does not suffice for all structure
jatarmination problems, but it is a very powerful tool in areas
where thera exists a body of knowledge about the MS behavior of
related moleculzs. When sample size is limited MS may well be the
anly technique that can be utilized. The recent availability of
high resolution mass spectrometers has mad2 HRMS the techrnique of
chyize for many applications because under ideal conditions the
axact mass number uniguely specifies the the empirical formula of
1 molecule or fragment. On a parallel course, the technique of
357/%S, routinely available with low resolution mass spectrometers
(5C /LRMS), has revolutionized investigations wherever complex
nixtures are encountered. All of the above considerations argue
that an extension of MS at Stanford to provide rouatine GC/LRMS and
3C/HRMS analyses would be the next logical step to assist
r=searchars depending on this facility for soluntions of their
structure 2lucidation problens.,

7. Historical Background

a) Miss Spectrometry Laboratory. Prior to the existing DENDRAL
yrant, the groundwork was laid for computerization of the existing
mass spactrometers, an Associated Flectrical Industries MS5-9 high
resolution mass spectrometer and an Atlas CH-4 low resolution mass
spectroretar., This work, supported primarily by NASA via the
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Tastrumcntation Research laboratory (T2L) in the Department of
Sanetics, resulted in link-up to the then =2xisting ACME computer
facility via a PDP-11 mini-computer which acted as a buffer
betwean the spectrometers and ACME. Initial data acquisition and
redustion programs were written for th=z system arnd utilized on a
limit=d basis. The funding of the DENDRAL proposal, NIH grant
PR-612 (May 1,1971-present) in conjunction with additional
resources providad by the IRL resulted in a major improvement to
thes> capabilities. The fruits of these efforts are described
nndler section IT.B.3 (below).

h) Summary of Farly DENDRAL Development.
In 1964, Lederbarq devised a notational algorithm for chemical
strncturas (termed DENDRAL) that allowad questions of molecular
structurs to b2 framed in precise graph-th=oretic terms. {(Refs.
1,3-5,12). He 1lso showed how to use the DENDRAL algorithm to
generate complete and irredundant lists of structural isomers.
(Refs., 1,6).

In 1965-66 Lederberqg and Feigenbaum began 2xploring the idea of
using thes isomer generator in an artificial intelligence program -
searching the space of possible structures for plausible solutions
to 3 prohlem much as a chess-playing program searches the space of
leqgal moves for the best moves. {Refs., 7,12). This approach
quirints2s that every pnssihle solition to a problem is considered
- 2ither implicitly, as when whole classes of unstable structures
ars ra2ject=d, or explicitly, as when complate molecules are tested
for plansibility. 1In either case, an investigator easily
jetermines the criteria for rejection and acceptance and knovs
that no possibilities have been forgotten, This approach also
gquaraint=ses that structures appear in the list only once - that
autondrphiz representations of the same complex molecule have not
ha=2n incluled. In both these respects the compnter program has an
1dvantaqge over manual approaches to structure =lucidation.

c) Tnitial collaboration with Djerassi. {Refs. 14,15,19,
20,21,22,248y .,
tederberq and Feigenbaum realized that (a) only through
application to real problems could the AI approach be materially
3d1vanc=2d and critically evaluated, and (b) ™S appeared to be a
fruitful applications area. M5 appeared to be an excellent
problenr area because of the close relationship between spectral
fragmentation patterns and molecular structure for many classes of
17leculas. Dijerassi’s interest and expertise - and daily
interactionr between members of his group ard the AI group -~ led to
3 serizs of joint publications describing the approach and initial
results of the programs. The success >f these collaborative
2ffyrts led to the proposal to the NIH for initial funding to
extend these efforts.

) Efforts Under NIH Funling for DENDRAL. (Refs. 25-41).
Th2 initial funding by NIH provided the opportunity to upgrade the
instrumentatior and compnuter programs., In particular we were able
to mount a concarted project on both the analysis of mass spectra
2f biomedically important compounds and the mathematical aspects
5f molacular structure. Progress reports to the NIH describe this
rasearch in detail. The most recent annual report appears in
inpendix B. A series of publications directed to audiences both
in compnter science and chemistry are listed in the bibliography.
Tha following section {Section 3) summarizes the capabilities for
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strnzture 21lucidation which, in tha2mselves, constitute an
important result of past wnrk.

a) Rezlated Research.
Ar important side effect of tha DENDRAL proiject is the extent to
which additional research was inspired and carried out to fill
7aps in eoxisting knowledge. This research, not supported by the
DENDRAL grant, has been beneficial to or-going DENDRAL work, and
vi~e-versa., Publications which have arisen from this research are
listed in the bibliogranhy (Refs. 58-70). A brief review of these
publications should indicate the need for precise specification of
the kaowleldge elicited from chemists and used in computer
programs. As an example, consider the description and application
3f an early algorithm for generation of cyclic structural isomers
{?1y. This paper considered the problem of spectroscopic
iiffarantiation of isomers of CZ6H100. Unsaturated ethers fall in
ane of the classes of isomeric compounds which must be considered,
but tho MS of unsaturated ethers had not bzen investigated
systematicilly. This work was subseguerntly carried out in
Praofessor Dierassi’s lakoratory independently of DENDRAL support,
hut of henafit to DENDRAL (62). Other examples will be found in
th2 Bibliography {(Refs. 58-70).

3. Existing Capabilities

#o have worked to develop distinctive capabilities for molecular
structure 2lucidation, bringirg together a high guality HRMS
systa21 and AY programs applied to biomolecular characterization.
The feasibility of our analytical approach has been demonstrated
in saveral problem areas, based upon the development both of a MS
systam and a qeneral set of computer programs for use in new
irsas,

The princival capabilities are summarized below. These are now in
3y2iag and were developed primarily under NIH funding to this
projent, with additional support supplied by ARPA and NASA in
specific areas. (These agencies have reduced funding levels for
this work bhecause overall cutbacks have forced NASA to cut out
this area of research despite their interast and ARPA is chartered
to provide faunds for frontier computer science research but not
for applications. Thus the NIH is the principal of support for
future development of apnplications programs in the
interdisciplinary area of artificial intelligences/health related
~herical problems.)

1. HRMS System and Coupled GC/LRHMS Systen.
We have coupled the ¥WIH-supported Varian-MAT 711 High Resolution
Yass Spectrometer with a Hewlett Packard Gas Chromatograph and
ianoastratad its utility for GC/LRMS analysis of such difficult
analytic problems as the free sterols (i.e., not dzrivatized)
isolated from marine and other sources. Advanced data reduction
techniques for this instrument were written for use with the ACME
conputer svstem {360/50) and now exist in Stanford's new 370/158
shich -ontinues to support the PL/ACME language. GC/HRMS scans on
extracts from urine and amniotic fluidl demonstrated this systenm's
sapability to provide high quality mass measurements on complex
rixtures obtained from biological sources. An example of one
3C/HRMS run on the amino acid fraction of amniotic fluid is
presented below {Sec. III.D).
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b. DENDRAL Structure Serarator (R2fs. 1-6,14,31,37,38,40,41)
The DENDRAL Structure Generator prngram accomplishes exhaustive
ani irredundant generation of isomers, with and without rings.
This prngram gquarantees consideration of every candidate structure
- 2ither implicitly, as when whols classes of structures are
forbidden, or =2xplicitly, as when individuil compounds in a class
ir= specified. It corresponds to the "legal move generator" of
zonouterized chkess playing and other heuristic progranms.

c. DENDRAL Plarner (Refs. 25,28,33)
#e have written a very general set of computer programs for
iaterminingy structural features from aralytical data in
well-definad areas. Such general planning programs have been
writ*tan for low and high resolution MS, interpreted proton NMR
spectroscopy and 13CMR data.

i, INTSUM (Refs., 26,29,34,35)
INTSIM is a computer program that aids in finding interpretive
rules for MS. The program interprets a large collection of MS
Jata az-~orling to criteria specified by the investigator. Then it
summarizes the data to show which of the possible interpretations

se>n mdst plausible.

». PROLEGEN {Refs. 26,35)
ROLEGEN is the current rule generation program that suggests
various rules of interpretation for th2 MS data summarized by
INTSIM. RAlthough not finished, the program can provide useful
assistance in practical theory formation.

f. Ancillary Techniques
1. The MS facility provides other types of experiments in MS,
including ultra-high resolution measurerents (masses determined
via peak matching), defocussed metastable ion determinations
{Barhar-Flliott technigque) and low ionizing voltage experiments.
These data are utilized by both scientists and programs where
ippropriates.
2. Additional computer programs provide added problem-
solviny assistance.

1. DPredictor program for predicting major features of mass spectra.

b. Programs for drawing and displaying chemical structures.

c. Subroutines developed in coniunction with or existing as parts of
tha Structure Ganerator for problems of partitioning, construction
3f vertex-graphs, and constructive graph labelling. These can he
ipplied to answer certain guestions of isomerism which do not
rejuire th> complete generator. For example, the labelling
1lgorithm -an 1list all structures resulting from substituting
sites of a carbocyclic skeleton with stated numbers of different
functional groups.

g. Other Spectroscopic Techniques
Available to us are the facilities of Professor Djerassi's
laboratory for work requiring additional spectroscopic data. Also
agailable on a fee for service basis are extensive spectroscopic
facilitias (NMR, I.R., and U.V.) of the chemistry department.
These woull be utilized for collecting additional data on
particular structure problems and gathering data on known
~ampounds {particularly in the area of 13CMR) as the AI programs
haznama knnwledgable about other spectroscopic information.
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h. Chamical Facilities
The 3taff and facilities of the chemistry department represent
substantial synthesis capabilities and general chemical know-how.
This re2source can be called upon to provid2 assistance ir
synthesis of model or labelled compounds, derivatization of
nixtures, and so forth, For example, a graduate student in
~hemistry is presently engaged in thesis research dealing with the
laboratory synthesis of a new 2strogen metaholite strongly
suspacted *o be a component of certain pregnancy urines. The
nraviously proposed structure of this compound was one of the
~andidate structures inferred by the planner in a study of
astroger mixtures ({11-dehydroestradiol-17-alpha, ref. 33).

4. Us2r Community
Rconomic utilization of existing and proposed facilities can be
realized by sharing them with a2 community of users. Lacking
supplementary funds that would be needed for a comprehensive,
naior service facility, this community will include the following
yroupns, but will be informally available %o others.
A. S*anford Community
i) Stanford Chemistry Department (except for Hodgson, all

are heavily supportel by the NIH in t+their research efforts)

,atters of interest are attached to the proposal
in Appendix A.

Prof. C. Dierassi - Steroids, marine sterols

Prof. W. Johnson - steroids

prof. E. Van Tamelen - steroids, triterpenoids, other
natural products

Prof. H. Mosher - natural products (e.g., marine toxins)
Prof. K. Hodgson - biological ligands, ligand-metal complexes

Prof. J. Collmarn - cytochrome P450 mndels
iiy sStanford Medical School Collaborators

The fnllowing research proijects in the Stanford
Biomedical Comrunity will furnish samples for mass
spactrometric analysis under the present proposal.
Attach=sd to this proposal (Appendix A) are copies of
the letters of interest in the propossd facility
racaeived from the principal investigators of these
arants.

Pr. James R. Trudell, Devartment of Anesthesia,

Stanford University School of Medicinz. Drug

metabolite identification in humans.

Dr. Irene S. Forrest, Biomedical Research Laboratory,
Veterans Administratisn Hospital, Palo Alto. Drug
metabolite identification in humans.

br. I. Rabinowitz and D.I. Wilkinson, Department
of Dermatology, Stanford University School of ’
Medicine. Prostaglandins.

Prof. Fugene D. Robin, Department of Respiratory Medicine,

stanford Uriversity School of Medicine, Ratio of
NAD+/NADH in cells by measuring ratio of oxidized
to reduced redox pairs.

Dr. lLeo E. Hollister, Veterans Administration



Hospital/Depar+tment of Medicine, Stanford University
School of Medicina. Mstabolism of Marihuana.

Dr. Hiram H. Sera, Pharmacy Devpartment, Stanford
University Hospital, Drug Identification.

Dr. Sumner M. Kalman, Department of Pharmacology,
Stanford University School of Medicine. Drug and
drug metabolite identification.

Dr. Jack Barchas, Department of Psychiatry, Stanford
University School of Medicine, VNeurotransmitters
and. related compounrds in man.

Dr. Keith A. Kvenrnvolden, Chemical Evolution Branch,
NASA Ames Research Center, Mountain View, Calif.
Amino acids, acids in geochemical samples, structure
of products formed from electrical discharges in gas
rixtures.

Dr. William R. ¥air, Department of Urology, Stanford
University School of Medicine. 1Identification of
the prostatic antibacterial factor; polyamines
{putrescine, speramine, spermidine) in body fluids

of patients with prostatic carcinoma.

B2silas the user proijects just summarized, other major prospects
are in sight. At the time of writing, the chair of pharmacology
is vacant. Conversations withk the leading candidate have
indicated 1 deep-seated interest in GC/HRMS as the principal
analytical tool for broad ranqging studies of drug metabolism in
nai.

B. Extramural Users
The development of the technigues of ORD, MS and MCD at Stanford
has beer paralleled with extensive sharing of these resources
natioson- anl world-wide in collaborative research efforts, without
any a1dditisnal funding. TRather than provide routine service,
axperiance has shown that discretionary selection of probleas
rasults in better utilization of our peopl= and instrumentation
resonrces. We would extend this provision of services including
available conmputer programs, to a limited number of extramural
nsers, Note, for example, our successful collaboration with
prafassor Adlercreutz, Meilahti Hospital, University of Helsinki,
5t tha identification of estrojens from bodvy fluids utilizing the
AT planning program {ref. 33).
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z Relatisonship to AIM-SUMEY and the 5Senectics Hesearch Center

~ e

Tha presant application is strengthened by two research proijects
related to, but not overlapping, the proposaed research of this
Jrant,

1) ATY-SUYEX (NIH BR-00785, Oct. 1, 1973, thru July 31, 1978,
Principal Investigator, J. Ledsrberg). This is a resource grant
to es*+tablish a national facility for applications of artificial
intelligence in medicine ({AIM). Our own use of this facility will
inzlui=2 SUMEY PDP-10 computer time and file storage necessary to
ran the DENDRAL artificial intelligence programs. This support
will b2 furnish=2d without charge to the present proposal. It
~epresents an annual investment of about $100,000 in computer time
27uivalent value.

The ATM-SUMEYX computing facility is shared egqually hetween a
naitional user community {AIM) and a Stanford Medical School
zammunity. The DENDRAL research will he supported out of the
Stanford portion. The ATIM service will be administered under the
oolicy control of a national advisory committee and will be
imolem2nted over a national computer n2twork. AIM-SUMEX provides
the me2ans for mambers of the national user comnmunity interested in
structure 2lucidation to access the DENDRAL prograns.

2} 3enetics Research Center (NIH PO1-3M 20832-01 - approved by
the NI3ZMS Council, awaiting funding, Principal Investigator, J.
Ledarberg). This research proposal is a comprzhensive grant which
would snpport interdepartmental research at the Stanford Medical
35chool in Yedical Genetics, Pediatrics and other clinical
apdlications. A section of that proposal concerns the use of
3C/LRMS for screening body fluids for evidence of inborn errors of
matabolism. (This project grew out of the initial DENDRAL grant,
on2 2f the research goals of which was the analysis of body fluaids
using 3C0/"S). This research on inborn metabolic errors will be
zondacted Jointly in the Stanford Departments of Genetics and
Pediatrics using existing eguipment {Finnigan 1015 Quadrupole mass
spactrometar, Varian RAerograph GC and a PDP-11/20 based data

systen).

#¥2 appreciited the value of GC/HRMS analyses of selected extracts
5>f body flaids (i.e., those containing metabolites not identified
vy routine GC/LRMS data) when formanlating the Genetics Research
Zeatar provosal. Accordingly, a small amount of funding was there
ragu2stal fFor racording selected GZ/HRMS data on the GC/Varian MAT
711 mass spectrometer in the Department of Chemistry. If these
funds are awarded, we will negotiate with NTH a suitable
slimination of this minor overlap with the present budget.
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Ir. SPECYIFTC AIMS

Frh> specific aims enumerated in this szction will be pursued in
th2a highly inter-disciplirnary manner that has characterized the
DENDRRL project from the start of its NIH support. The aims are
not iisdoint,but interactive apd inter-dependent. For example,
the power of MS and, potentially, other spa2ctroscopic techniques,
zan b2 2nhanced by the use of computer programs to perform various
asnects of structure elucidation and theory formation. From the
stanrdpoint of computer science, one meisurz of the utility of
techniques of artifizial intelligence is how well they perform in
r21l-world applications. It is necessary in the development of
th=s2 programs to have a sourcz of data and informed, involved
tean-mates able to criticize m2thods and results. The aims are
slabosrated in the methods section.

e have attempt2d tn keep the proposal to a readable length.
Thoerefore, some detail has been omitted. However, many details
=an b2 found in the biliography and we are preparel to provide
343itional information during the site visit.

1. Enhance the power of the MS resource.

The =2xisting MS resource, together with cormputer programs which
2xist ar waich are proposed (sz2e Aim 2, below), is capable of
solving some of the structure 2lucidation problems of the user
community Jiven computer support for data collection and
rednction. We refer spacifically to the areas of GC/LRMS and
t>12tin=, batch HRMS samples., We believe that many of the problenms
of the user community reguire mors powarful technigues (see
Section IIT). These techniques, specifically GC/HRMS and
Ssni-auntomatic metastable defocussing, can be provided with a
minimum of cost and effort, thus enhanzing considerably the
zapihilitias of the resource.

dur first aim is to provide the resource with adeguate computer
suppart (replacing the previous ACME system) to enable collection
1nd relduction of mass spectral data including low ard high
r=solution scans and data or dafocussad metastable ions.

#> nropose to develop this computer support in the ways described
selow. (these aims are written to include the work necessary to
imolement the extended PDP-11/20 computer system. A description
5f the rationale for this choize is provided in Sectior III.A and
th2 specific angmentations in the Budget Justification).

4) Convert axisting, proven data acquisition and reduction
nrogramns from the PL/ACME larguage into Fortran, consistent with
tin=s-criticzal assembly language programs for data acquisition and
instrument control. These projrams will be written in Fortran to
anhanzs zompatibility with *the computer systems of other users of
such packajes.

B) My>dify these programs, as requirei, to handle acquisition and
reduztion of fraquent or repetitive HRMS scans with selected
instrument performance feedhback to the aperator, and to take
aivantage 5f the expanded cavpahbilities of the extended 11/20
systam. Prototype GC/HRMS systems have bhean develosped at Stanford
ind 21seawh2re, but this type of facility {(in contrast to GC/LRMS)
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now available to the Stanford community. When this systen
2lop2d, service will be 3availablas tn the Stanford comnunity
search collaborators and, if our resources permit, to any
tist reguesting assistanc2. In many instances this type of
1laboration will require far more involvement of convergent
interoasts, efforts and skills than mersly running samples on
request. We bave in mind the chemical and eventually biological
irterpretation of the analytical data as a matter of joint
zoncarn, as appropriate.
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We have previously illustra*ted the advantages of high resolution
nass spectral data in the computer analysis of mass spectra {e.g.,
ref. 28). Also, we have previously shown that the same program
canr d=2al with analyses of mixtures without prior separation
aspecially when additional data (e.g., from selected metastable
efsz1ssingy experiments) were provided (Ref. 33). We wish to use
the M5 rassurce and the computar program ian further studies of
rixtures of compounds which are difficult or impossible to
separate by GC. The advent of routine systens for high pressure
liguid chromatography have made many of these separations
possible, but the liquid chromitograph is not presently inter faced
to thes MS.

Many of th2 problems of the user community require analysis of
zomplex mixtures which are amenable to treatment by GC/MS
technignes. VWe feel that where sample quantities permit,
acyunisition of GC/HRMS data is highly desirable, These data can
ke providal by the resource supplementz2d with computer support
{abova).

Wa propose to continue tests of the GC/MS combination, operating
arier modesrately high mass resolutions (5000-10000), to define in
12t3il the optimum operating conditions of the GC/HRMS
combination. This will provide the necessary information on
maximum practical sensitivity to be expected. This information
zan then he used in collahoration with the user community for
sample prenaration.

Tha 32/HRMS system would normally be operated at reduced mass
spactromater resolutions to maximize sensitivity. We have
axisting multiplet resolutior programs to increase the resolving
power of the MS. We propose to provide the multiplet resolution
pragram with heuristic guidance based on compositional variations
inferred from molecular ions or other singlet peaks. For exanmple,
3 resolviny power of 10,000 is barely sufficient to resolve ions
which Aiffar by CH2 vs. N (delta m = 0.012) for ions of about mass
17). Rlthough it will resolve CH4 vs. O doublets {delta m =
5.037) at this mass, it will nd>t resolve closer doublets such as
T3IN vs. H203 (delta m = 0.003). We can provide exhanstive
tabnlations of multiplets by mass separations ({based on ref. 30)
+hich can be us2d by the multiplet resolution program.

¥We have praviously indicated the power of metastable ion
information in the operation of our programs for structure
2l1~7idation {refs. 28, 33). He have extended one of our programs
(the MS pradictor program) to propasse metastable defocussing
sxperiments in order to avoid colleaction of unnecessary data {see
Ain 2, b2low). Blthough we can cnllect these data (Barber-Elliott
techniyue) manually on our existing Varian ¥AT-711 ™S, this is an
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axzeadingly wasteful operation, both in terms of sample
~onsumption and timas. We propody>se to implement some auytomation of
collectinsn of these data on metastable ions. We also propose to
bhayin preliminary irnvestigation of altz2rnative modes of metastable
inn datermination ({see Methods (Sec. ITI), helow).

2. Desvelop performance and thesory formation programs to assist
in the solation of structure elucidation problems in hiomedicine.

Toupater programs have already been written for analysis of low
and highk resolution mass spectra, for genesration of acyclic and
cyzlic molacular structures, for labelling structural skeletons
with atoms, for analyzing 13CMR spectra of amines and for
interpretation and summary of large volumes of data gathered on
molsl ~ompounds {(see Fxisting Zapabilities above, for references).
We wish to increase the utility of these programs by providing
intearactive facilities that allow easier access to them, by
increacing their gererality ani power, and hy supplementing thenm
with new r2asoning programs.

Parfoarmanca Progranms:

The current structure generator program will be subjected to
furthar Aatailed tests befors usiny it for structure determination

nrohleas.

A nav algorithm for generating cyclic skeletons {with
10 multiple bonds) will be projrammed and checked. The algorithm
is written and informally prov2d. A formal proof will be devised
1s w211, This algorithm represents one very powerful approach to
the problem of implementation of constraints, as discussed in the
following paragraph.

The generating programs will be modified to allow isomer
Jeneration within constraints. Different kinds of constraints can
b2 inferred from different kinds of spactroscopic data. We intend
tn give tha program knowledge of a variety of these.

The Planner programs that infer constraints from mass
spectronatry data will be broadened to include additional
krowledge about the spectral bheshavior of classes of compounds of
raleyance to thes NIH-sponsored research of the user community. 1In
3ddition, #2 will add the capability for utilization of
information abont chemical isolation procedures (e.g., one expects
1cidiz and neutral compounds in solvent extraction of acidified
body fluids) and relative GC retentior times (e.g., to admit the
possibility of homolognus series).

¥a propose to implement a more general method for
inferrirg the idantity of the molacular ion whether or not this
appeirs =2xplicitly in the spectrum. This information is important
for the successful operation of the structure generator and the
planier. We want the program to use whataver information is
available and not depend, as it carrently does, on having
knowledga of the structural class together with inference rules
for that class.

Tnterface routinas will be written to maks it easier for other
scientists to use these programs. We have to wait for an
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irteractive system refore starting this: AIM-SUMEX will be ideal.
Irpat/outpat routines will be crucial to easy use of the systen.
Hayavar, we also want £5 give users the facility to understand the
systam's reasoning steps so they can take advantaqge of it.

Tn additicn to making the computer programs available through
ATM-3¥EX, we would like to translate parts of the LISP code into
another language - for reascns of both efficiency and
sxportability. We have talked with computer professionals at IBM
Resaarch Canter about using th2 APL language. FORTRAN, ALGOL and
PL/1 are other languages whose merits for our purposes we will
2xplora,

%2 wish to continue a low-level of effort on computer
programs that interpret other kinis of spectroscopic data.
Planning programs similar to the MS Plarner could be written for
antomatic analysis of data from other spectroscopic
tezhniguas{e.qg., IR, UV), as we have illustrated for 13CHR (ref.
39y,

Tha structure generator's view of chemical structire is
topological and is presently unconstrained by bond lengths and
anyl2s. Because stereochemical considerations are frequently
important in structure =2lucidation, we propose to bhegin
consideration of stereochemistry in the structure generation and
>valuation processes.

A projram with detailed knowledge about information
ahtainable from various spectrascopic techrigues could be written
to> exanine a list of candidate solu*ions and propose experiments
necessary and sufficient to distinguish among them. The program
would reprasert an extended Predictor (e.qg., ref. 27). We have a
first version of a program that suggests Ycrucial" metastable
p2aks to ha sought in order to distinguoish among candidate
structuras. Work on this proqram will continue at a low level of
activity, possibly expanding into areas other than MS. One topic
wa will continue to pursue is our collaborative effort with Dr.
3i14a Io2w, Genetics Department, on thz potential application of
molecinlar orbital theory to pr2diction of mass spectra (ref. 71).

Thanry Formation Programs:

The rile formation program {RULEGFEN) will be extended so that
i+ can search a larger space of rules. Present a priori
so1straints on the rule generation give us a search reduction fronm
tens of millions to a thousand possibles rules. Even though search
hai1ristizs now allow efficient search 2f these possibilities, wve
want +5 be able to deal with much larger spaces efficiently, as
wh>1 tha namber of primitive predicates is drastically increased.

The BULEGEN program will be modified so that complex
fragmerntation and rearrangement processes are manipulated nearly
as e1sily as simple fragmentations. The program currently finds
fra ymentation rules involving one or two bonds, possibly followed
by hyvdrogea migration. In the case of cyclic =systems such as
astriyagars, however, the program must be able to work with sets of
t hre2 or more bonds irp some cleavagses.

Interactive programs will he provided or AIM-SUMEX for the
invastigatyr to guery the rule generation program. For example,
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many questions now arise about the program steps by which the
progran infers the rules it sujgests as explanations of the
ragnlaritias., Why, for example, was some particular rule not
considerad plausible?

New data will have +o be selected in order to test the rules
and to differentiate among competing rules. ¥We will Write a
prograr that sujgests new experiments (i.e., new data to obtain),
depending »>n the nature of the existing rules.

The t2st phase of the theory formation program will be
written as an evaluation function of each rule against new data.
Tnsofir as any new experiments are "crucial'" experiments, the
avaluation function may merely reject a proposed rule. Mostly,
1owavar, riles will have to be evaluated against new data along
manv dimensions: fregquency, strength of evidence, uniqueness,
simpli-ity, and the like.

?o wish to experiment with the whole theory formation program
to A=2termine the critical aspects of our desigr., For example, {1)
how sensitive is the prograr t> discrepancies, inconsistencies and
arror3s in the data? (2) how well can the program find rules
within a slightly different moiel of chemistry? (3) how well can
the progranm perform with one pass through the data, or several
passes? and (4) how critical are the principles of theory
formation?

3. Apply the structure elucidation techniques - both
nstrumentation and computer proqgrams - to biomedically relevant

in
compounds.

Jur own interests are in eluciiating the structures of, and
arnierstanding the MS of, marine sterols, hormonal steroids, and
compounds isolated from human body fluids that can be associated
with gz2n2tic disorders (from research in the GRC). In addition,
w2 will be working closely with members of the Stanford Medical
Schoyol and Chemistry Department - in particular those mentioned
ahyve {Section I.B.4) - on their structure elucidation problems in
whizh MS will be used. RAlthough most users cxpect to require HRMS
and 3C/HRMS data, some of their problems will be attacked
ntilizirg 3C/LRMS techniques and library search through {usually)
restrizt2d libraries of mass spectral data. We propose to
investigate som2 extensions to the technique of library search
{s2e Methnis) to complement our existing and planned DENDRAL
prcqrims. We plan to continue our exchange of mass spectral data
and library search information as we have previously done with Dr.
S, ¥arkey (University of Colorido M=2dizal School) and Dr. F. W.
Yclaffertv (Cornell University).

Ps in the past, attention to new biomedical research problems will
lead to increased capabilities in the computer programs. We
reynir> close communication with the pzople engaged in the
research so that the programs actually assist the researcher while
increasing in power. <Collaborativa proposals have come out of
snzh past DENDRAL sponsored work, for example, large portions of

t he 53R8C proposal and a proposal for 13CMR research.

W> onvision the interaction and collaboration with the user
sommunity +o involve the following:
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